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Abstract

This document describes how to self-align each wafer of the STAR
SVT at small scales using 6 quantities obtained by fitting tracks to only
the SVT points and a primary vertex: the 2 components of the local
wafer coordinates of the hit from the track (A, B), the residuals from the
fit to the hit position (AAsps, ABobs), and 2 quantities which describe the
directionality of the fit track through the wafer. Relative calibration of
the drift velocities of each hybrid on a wafer may also be extracted. Two
additional quantities representing the resolutions of measuring A and B
may also be necessary.

1 Introduction

In pursuit of calibrating the alignment of SVT wafers to the maximal precision,
it is best to exclude the use of any other detectors which may bias or degrade
the calibration. To this end, it appears that a self-alignment procedure using
only hits in the SVT is optimal. This can be done using residuals of hits made
by particle tracks passing through the wafers. Doing so with helical tracks
(in a magnetic field) means that it is necessary to have at least 4 points on a
track to prevent over-constraint of the helical fit (3 points defines a circle in the
transverse plane, leaving no residuals in that plane). This can be accomplished
using hits in all 3 layers of the SVT along with a precise primary vertex point.

The proposed method is to use tracks from the STAR TPC to locate SVT
hits which belong to primary tracks, along with a primary vertex. Where 3 SVT
hits are found, those hits and the primary vertex are then re-fit to a helix, and
the residuals to SVT hits are used in the technique which we will describe here.
We will utilize linear approximations to several dependencies between observable
quantities and the related alignment parameters, so it is a requirement that any
existing misalignments must be very small. If they are not, iterating the method
may be necessary. Use of the same technique in the CMS experiment shows that
convergence is mostly achieved after a single iteration, but that 3-4 iterations
complete the calibration [1].



It should be explicitly stated at this point that this technique has only one
weak constraint to prevent it from altering the global rotation of the SVT: the
use of multiple events with a significant spread in primary vertex locations which
serve as fixed references to the global coordinate system (this is not sufficiently
true in the transverse plane). Otherwise, the x? minimization used in this tech-
nique has the potential to rotate the entire system. It is therefore recommended
that a global alignment procedure be done before this self-alignment procedure,
and checked again afterwards. It is also necessary to use a selection of many
events with varied primary vertex locations (at least in longitude), and that the
tracks used in calibrating each wafer cross a variety of other wafers (to avoid
calibrating a subset of wafers without constraint to the full SVT).

Performing this calibration in STAR with straight tracks in zero magnetic
field has been previously proposed [2]. However, using helical tracks with the
magnetic field on is beneficial in allowing a selection of tracks with high enough
momentum to discard those which might have large multiple scattering contri-
butions. Curved tracks also provide for a slightly greater distribution of track
trajectories through wafers, increasing the number of possible wafer combina-
tions and lengthening the lever arm of incident angles to wafers (which we will
see later is necessary for calibrations normal to the surface of the wafers), al-
though the highest curvature tracks (lowest transverse momentum) are the ones
removed for multiple scattering minimization.

It is also worthwhile to note that we see nothing to prevent inclusion of the
STAR SSD in this procedure.

2 Coordinates
In STAR global coordinates, an SVT hit is defined as:
h = &+ Ad+ Bt (1)

The vector Z is the global position of the center of the wafer, d is the drift
direction within the wafer, and ¢ is the the direction transverse to the drift but
in the plane of the wafer. The SVT group also defines 7 which is the normal
vector to the surface of the wafer. Here, £ = d x fi. A and B are the SVT
measures of the hit location in the plane of the wafer (the df plane).

We define the global coordinates in which Z, ci, f,t are stored in the database
to be %,j,fc to avoid confusion over the definition of x. But we choose to work
in the wafer coordinate space cz, 7, ¢ for simplicity in our solution. To convert &



back and forth between the global and wafer coordinate spaces, we have

d = dii+d;j+dik (2)
fl nit +n;j + nik (3)
i tid +t;] + tpk (4)
T zit + ;] + apk (5)
= xdci + xph 4 24t (6)
= (&-d)d+ (Z-a)n+ (Z-1)i (7)

(zi % di + ;% dj + xp % dy.)d
=+ (zixn; + k0 + T *ng)N (8)
(@ %ty day oty oag o+ )t
One should understand that & is a vector from the origin of the global coordinate

space to the origin of the wafer coordinate space, so it is not necessary for any
of xq, &pn, xt, i, 5, Tx to be zero, and the magnitude |Z| should be the same in

either coordinate space. Using iq = (i . ci) = (ci 5) = d;, etc., we can also write

T = (@F-i+ (@ ))7+ @ kk (9)
(xd*id—l—xn*in—l—xt*it)d
=  +(Tg*jd+ Tp *Jn + Xt % Ge)R (10)

+ (xax kg + zp * ky + o+ ke )t
(xd*di—i—xn*ni—i—xt*ti)d

= 4 (zaxdj+anxn;+apxt;)n (11)
+ (xg * dyp + T % g + 3¢ % 11)E

3 Small shifts

3.1 Rotations

We can envision rotations of the wafer on each of the three axes cz,ﬁ,f about
the center of the wafer. The associated small rotation angles we shall call
Opd, 00y, 0¢: and we can treat them independently to first order.

For each small rotation of the plane, the vector to the hit from the center of
the plane (h — # = Ad + Bf) is rotated by a matrix:

Foo = Sintes) conny )= (50 V) (12)

For each of the small rotations, we apply the rotation to the projection of Ad—i—Bt
which lies in the plane being rotated. So, for the rotation of Ah5¢ . about the d
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Figure 1: Example of real and reconstructed hit positions and track propagation in
the wafer coordinate system. Dashed arrows represent the small shift transformation.

axis, we use the projection to the 7 plane, etc., as follows:

=(30)

Mo = (mea-0( 5 ) 5 = (") (13)
shoom wen(8) 5 ()
Ahss, = (Rsg, — 1) ( 61 ) z = ( _/?5@ ) z (15)

Some of these cause out-of-plane shifts with respect to the wafer, and we will
handle this later in Section 3.3.
The result of all rotations is then the linear sum:

Ahrotations = Aﬁ&bd + Aﬁ[s% + Aﬁ&bt (16)
= (=Bb¢n)d + (—Abpy + BSda)n + (Aspn)i  (17)

For completeness, in this linear approximation one could have alternately
written these three rotation matrices as a single 3x3 matrix as follows:

1 by —6on 1 00

R~ 66, 1 664 |, '=|0 1 0 (18)
0¢n  —0da 1 00 1
) AN d —Bé¢y, d
Ah/rotations = (R/ - I/) 0 n = _A6¢t + B5¢d n (19)
B t Abdn, t

Such 3x3 matrices are often written with the opposite sign on d¢,, but the
notation used here is necessary to be consistent with how it was written in
Equation 14.



3.2 Translations

We label the small translation shifts to the wafer plane as dz4, 0z, dx;. These
yield 1-to-1 corresponding shifts in the hit reconstruction.

ABtranslations - (_5Id)d+ (_51771)’& + (—556,5)5 (20)

Summing the rotations and translations gives:

-

Ah = Afirotations + ABtranslations (21)
= (=Bd¢y — 6xq)d + (—Ad¢; + Bopy — 6, + (A, — bx4)E(22)

3.3 Projecting to the wafer

Unfortunately, the reconstructed hit must be within the plane of the wafer, so
we cannot, see shifts in the 7 direction directly. If we assume the particle track
to be linear (which should be a valid approximation for the small distances with
which we are working here), then any shift S of the wafer in the 7 direction
will lead to a shift of the reconstructed hit in the d and # directions by amounts
proportional to the tangents of the angles 64, 6, between the track vector
and the normal vector 7 in the dn and iR planes. The projection of a shift
S = S thus reconstructs as:

T = vgd + vph + vt (23)

Van = tanba, = vq/v, (24)

Vi, = tanby, = ve/v, (25)

S = Sh = (—vgnS)d + (—vmS)i (26)

where v4,v,,v; can be obtained from v;,v;,v; just as in Equation 8. In our
case, the shift in the n direction, which includes both that due to translations
and rotations is shown in Equation 22 as the 7 component of the full shift
Ah (S = —Ad¢s + Bdpg — 0xy,). Note that tracks which are normal to the
wafers (vgn, vt 22 0) offer little resolving power for shifts in the # direction (and
therefore to d¢;, ddq, and dx,, shifts), which is one of the reasons we benefit
from using curved tracks and a wide distribution of primary vertices. After
projecting, the reconstructed hit is then actually seen as:

AR = (=B, — 024 + van(Adyy — Bdgg + 5%))% 27
+ (Ad¢py, — ot + vin(AdPr — Bédg + dxp))t
= (AA)d+ (AB)E (28)
where we use
AA = —Bdd, — x4+ vin[Adpr — Bddg + Sy (29)
AB = Ab¢y, — 0xs + ven|Addy — Bédg + 61 (30)

A more formal and rigorous derivation of the dependence of observables on
shift quantities is provided in Appendix A.



3.4 Drift Velocities

Additional shifting of hits can result from incorrect drift velocities. These are
independent for the two hybrids on a wafer, and are thus two independent
quantities. We should more technically write:

A= _(Amax - tVl)(shyb,l + (Amax - tV2)5hyb,2 (31)

using the two drift velocities v; and vo for hybrids 1 and 2 respectively (where
hybrid 1 corresponds to A < 0), ¢ is the hybrid time bin in which the hit was
measured, A is the maximum drift length (understood to be Apax = 3.0cm),
and Onyb,1 and dnyh 2 are Kronecker deltas for the hit to be on hybrid 1 or 2 .
We shall call the deviation in drift velocities dv; and dvs, and define dpuq, dpo:

Ahyelocities = [—(011/11) (Amax + A)nyb1 + (62/12) (Amax — A)Onyb 2]d

= [-0p1(Amax + A)5hyb,1 + Op2(Amax — A)(Shyb.,Q]d (32)

In reality, deviations in the drift velocities will also distort the observations
of some of the other shifts. But we have chosen to work only with first order
distortions for this method, so higher order terms will be neglected for now in
the expectation that iteration will achieve the desired accuracy.

Our reconstructed hit is now described with Equations 28, 30, and:

AA = —Bib, — 624 + van|Addy — BSg + dan]
_6Nl(v4max + A)éhyb,l + 6,“’2 (Amax - A)éhyb,2 (33)

4 Solution

To find the solution, we need to fit the observed shifts (residuals) with the
optimal parameterized small shifts discussed in Section 3. Let’s call the observed
shift Aﬁobs and the true shift within our parameterized model Aﬁmodel. One
might consider minimizing the variance V:

o N 2
v = % (’Ahobs — Ahodel ) (34)
l
= Z ((AAobs - AAmOdel)Q + (ABobs - A-B7nodel)2) (35)
l
= > (A2, +AB2,) (36)

l

where
AAO*?TL - (AAobs - AA’leodel) 5 ABofm = (ABobs - ABn’wdel) (37)

and we sum over [ tracks (from many events, as stipulated in Section 1) to
get V, with the measured quantities A, B, AAyps, ABops, Vdn, and vy, varying



for each track. However, this makes the assumption that the measurements in
the d and f directions have the same resolution, and that those resolutions are
identical for every track [. This is not necessarily so. Instead of minimizing the
variance in absolute distance, it is more appropriate to minimize the variance
normalized to the measurement resolution in each direction for each track used,
which is equivalent to x2. Thus, we will use:

CEER)CR) -

and we will need to determine o2 and of for use in our calculations (unless
it is shown that o2 = of for all tracks, in which case they can be dropped
from our formulas). It might at least be possible to assume that o2 and o7 are
constants; we will not address that here, but the need to determine these on a
track-by-track basis is something which should be considered.

To find the best parameters for our model, we must minimize y? with respect
to each small shift parameter (minimizing the difference between the observa-
tions and the model) by taking the partial derivative with respect to each pa-
rameter and setting it equal to zero. This will give us eight equations from each
of the eight partial derivatives with respect to the eight unknown quantities.

So for each shift parameter d¢q, we have:

x> B 20AA,_;, OAAq_ 1, 2AB,_,, OABy—_m,
% Xli(( oz oo )+( 7 oo )) (@)

_2AAo—m aA141n0d€l _2ABo—m aA-B1nodel
;(( 2 oo )+( 7 o6 )><4O)

We can drop the constant factors of -2 when setting equal to zero, giving us:

B 0= D) (m2p)) @
x>

|
o
|

5o S ((F5=) + (225)) (42)

Boom m() () o

ox?

0= > (24 (44)

Shm = 0= X () + (etpen)) (45)

Ox* AB
_— = = _ 027m 4
ozy 0 > (-2%) (46)
ox* (AmaxtA)dnyn1 AA

= 0 = _ max hzyb,l o—m 47
T Zl ( % ) (47)
Ix* (Ao —A)dnyp 2 AA
_— = 0 f— max h2yb,2 o—m 48
2 Zl ( %a ) (48)



This linear system of equations can be written in matrix form as shown in
Appendix B, where we have multiplied Equation 41 by -1 to obtain a symmetric
matrix. Solving this system of equations for the eight unknown quantities is
straightforward using any of a number of techniques (matrix inversion, gaussian
elimination, etc.). Alternative uses of the matrix are discussed in Appendix D.

5 Final values

Once we have solved for the eight unknowns (6¢4, §dn, dér, dx4, 0y, 6, dur, dpua)
for each wafer, we can determine the new values of @, d’, 7, ¢’ for the database.
Defining AETECO to be the position of the reconstructed hit minus the position
of the track (see Appendix C), & in wafer coordinates becomes:

T = (2q+ 062q)d + (n + 020t + (z¢ + 614 )L (49)

To obtain Z’ in global coordinates, for the database, we apply Equation 11. For
the rotations, we proceed using:

d = d—0¢nt+dpun (50)
i = f—d¢d+ Syt (51)
t = t{—6pan+ dpnd (52)

This math can be done in global coordinates. To first order, this will retain
the unitarity of d ., ¥, but if this calibration is done repeatedly, the small
deviations from unitarity may become less negligible. Therefore, it is prudent
at this point to renormalize by dividing each by their magnitude:

d = d/|d| (53)
alo= || (54)
i (55)
And lastly we modify the drift velocities:
vy =vi(1+ 1) (56)
vy = va(1 + dp2) (57)

We then enter &, d’, 7/, for each wafer, and vy, vh for each hybrid into the
database.
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A Formal derivation of shift observables
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We can rewrite these for programming purposes as

Moo Mor Moz Moz Moy Mos Mo Moy d¢a Vo
Myg My Mo Mz My Mis Mg Mg dpn Vi
Mag M1 Mas Moz Moy Moy Mag Moy Iy Va
Msy Mgy My Mss Msy Mss Msg Msy oxg | | W3
My My Mz Myz Myy Mys My My dxn | | Va
Mso Ms1 Msz Msz Msy Mss Msg Msy dxy Vs
Moo Me1 Moz Mez My Mes Mes Mer dpi1 Ve
M7y Mz Mz Mzz Mzy Mz Mrg Moy dpuz Va
where we use the following definitions:
Co=1/03 Dy =1/0?
C1 = vanCo Dy = vy, Dy
Cy = ACH Dy = ADq
C3 = B(; Ds = BDq
Cy = BCy Dy = ADg
Useful per track (I) quantities: Ey = v3n,C3 4+ vin D3
Ey = v4nCs 4+ vin Do
Ey =Dy —C3
FO = (A+Amax) Fl = (A_Amax)
Fy = FyCoduyb1 F3 = F1Co0nyb,2
Fy = van ks Fs = vanF3
%00 _ %l Efjg‘% ) My = > ,(AE)
o : X Mg = >, (—Ch)
Mo = Zl (_AEO) My, = El (El)
%03 - 2 (?327 Mys = S, (~Do)
o8 = 2 (7o) Mys = o, (—AF)
Mos = 3, (Ds) Mo = S (—AF)
M06 = Zl (BF4) M33 _ El (CO)
Moz = Zl (BF5) M. _ El (—O )
M11 = Zl (BO4 + AD4) Mzz — Zj (Fg)l
13 1aa My = >, (vanCh + venD1)
Mis = 32, (=D4) My = So(=Dy)
M16 = Zl (BFQ) M46 _ El (_F4)
Mz = Zl (BFB) M. _ El (—F)
M66 = Zl (FOFQ) M47 Zl (D )5
Mz = Y, (F1F3) % P

My = — Moz — Mas
M35 = Ms3 = Mse = Mes = Msy = Mrs = Mgy = M =0
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Mg = Mo1 Moo = Moz Mo = Mia Mzg = Moz Mz = M3
M3y = Msz My = Moy My = Myy My = Moy Myz = M3zy
Msg = Mos Msy = Mys  Mso = Mas Mss = Mys Mo = Mos
Mgy = Mg Mgz = Mag Mez = Mze Mes = Myg Mro = Moy
M7y = My7 M7 = Moy Mgz = Mzy  Mry = Myy

Vo = >, (AAwsCs + ABoysD3)

Vl = Zl (_AAobsC4 + ABobsD4)

Vo = >, (AAwsCy + ABoys Do)

‘/3 - Zl (_AAobsCO)

V4 - Zl (AAobscl + ABoble)

‘/5 - Zl (_ABobsDO)

‘/6 = Zl (_AAobsF2)

V7 = Zl (_AAobsF3)

Only 39 running sums need to be calculated for each wafer while looping over
all tracks to obtain the final matrix and vector for that wafer.

C Sign check on shifts

To make sure we add or subtract the shift quantities properly when correcting
the database quantities, a quick test is performed here using simple shifts and
Equations 1, 28, 30, and 33 to obtain the difference between the reconstructed
Ahyeeo and the ideal one with AR/ = 0.

A very simple translation shift in the d direction (allowing us to ignore the
7 and £ quantities) gives:

A}_ireco = Ehit - Etrack = (ACZ + f) - Etrack = AACZ
= —5:17(1(2
AR = (Ad+7) — hirack = 0
AR = ARpeco -7 = Oxqd
T = T+ 06xqd
z, = xq+ 04

This can be repeated for the other translations to give Equation 49.
For rotations, it is again easiest to take a simple case of a rotation about the
n axis and extrapolate to the other rotations, this time ignoring n quantities:

AAd + ABi
= —Bépnd+ Adp,t
0
Bb¢nd — Adp,t

AEreco = ﬁhit - ﬁtruck = (AdA + BtA) - ﬁtruck

AR
Aﬁ/ - Aﬁreco

(Ad' + Bt") = Birack
A(d —d) + B’ — 1)

Spnd
t4 5¢nd

implying Equations 50-52.

t—t =

—0¢nt
. P

d = d—6pnt

Again, this can be repeated for the other rotations,

12



Lastly, for drift velocity deviations, we use the simple case of an offset for
hybl"id 2 (6hyb,1 = 0, 6hyb,2 = 1):

AEreco = Ehit - ﬁtrack: = (Amax - tVQ)J - ﬁtrack: = AAdA
= 5,“42 (Amax - A)CZ
AR = (Amax — th)d = hirack = 0
AR = Ahpeeo = —tWh—n)d = —0pa(Amax — A)d
vy = v+ 0p2(Amax —A)/t
= vo+0pa(r2)
= o1+ dp2)

The same derivation can be done for hybrid 1, resulting in Equations 56 and 57.

D Alternative applications

D.1 Alignment without sensitivity to n shifts

If the tracks used in the alignment procedure do not cross the wafer planes
with sufficient diversity of angles vg4, and vy, sensitivity of the X2 to the shifts
0Ty, 0, 00 is lost. It may be better under such circumstances to constrain
the wafers with zero values for these shifts than to allow the minimization the
opportunity to walk the wafers in an attempt to find the best solution. Doing
so is straightforward and involves reducing the matrix and vectors to only five
rows and columns, removing anything associated with 0x,,, o, ddg, Van, Ven-
Equation 59 becomes (needing only 16 running sums):

Moo Moy Moz Moz Moy dpn Vo
Mg My Mip Mz Mg 04 |4
Moy Moy Moy Moz Moy 0y = W (60)
Mzg Ms1 Mszx Mzz Msy o1 V3
My My My Mz My dpto \
M = C
Mw = SBGHAD) T S
Moy = 1 (C) My = >, (F3)
w2 = Zloy My = %(Do)
o4 ! 3 My = ), (F1F3)

My = Moy = Moz = M3zo = Moy = Mg = M3zq = My3 =0

Mg = Mo1  Mao = Moz Moy = Mo Mzg = Moz Mz = M3
M3y = Moz Myg = Moy My = My My = Moy Myz = M3y

Vo = >, (mAALCy+ AByysDy)
Vl = Zl (_AAobsCO)
Vé = Zl (_ABobsDO)
VE% = Zl (_AAobsF2)
V4 - Zl (_AAobsF3)

13



D.2 Ladder alignment in wafer-like coordinates

If we treat all wafers in a ladder as having the same alignment vectors d, 1 and
consider & to be the position of the center of the ladder, then an alignment of
the ladder position within those coordinates requires only a small modification
from the individual wafer alignments. For the ladder, the measurement in the
¢ direction becomes Z instead of B. The other necessary change is what to
do about drift velocities. There are many choices, of which four seem useful:
1) ignore drift velocity deviations; 2) determine some average du1, due for the
ladder; 3) same as option 2, but collapse all hybrids to one du; and 4) expand
the equations to include every hybrid on the ladder.

Options 2-4 are discussed below. The simple case of option 1 is detailed here
as an example. Equation 59 becomes as follows (with 25 running sums):

Moo Mor Moz Moz Moy Mos oy Vo
Myg My Mya Mz My Mis dpn Vi
Mag My Mas Maz May Mos ope | _ | V2 (61)
Mo Mszy Mszz Mszz Mszy Mss dzq V3
My My Mz Msz Mgy Mys 0y Vi
Mso Ms1 Mss Msz Msy Mss dxy Vs

Changed per track (1) quantities: { C3=72Cy D3=7ZDy C4=ZCy }

My = >, (ZEo) =
%01 i Zi (—ZE») %;z ; %i E/—ugég

2 = >, (-AEp) My = >, (Fy)
Moz = >, (Cs) Ms; = Zi (=D2)
Moy i >_1 (—Eo) Ms3 = 37, (Co)
Mos = >, (Ds) My = >, (-Ch)
M1 i Zl (ZO4 + AD4) My = Zl (’Udncl + UtnDl)
%12 - %l Egl%) Mys = 3, (=D1)
My = $5(-D) Moo = 2D

Myy = —Mos — Mos
Mss = Ms3 =0

Mg = Mo1 Moy = Moz Moy = Mia Mzg = Moz Mz; = M3
M3y = Myz My = Moy My = Myy My = Moy Myz = M3zy
Msg = Mos Msy = Mys  Msa = Mas My = Mys

Ww = Zl (AAobsOZ)’ + AZobsD3)
Vl = Zl (_AAobsC4 + AZobsD4)
Voo = 37 (AAupsCo + AZpps Do)
‘/3 = Zl (_AAobsCO)

V4 - Zl (AAobscl + AZoble)
‘/5 - Zl (_AZobsDO)

Option 2 is as in Appendix B with the Z-for-B switch. Option 3 may be
preferable to option 2 if one chooses the average drift velocities approach because

14



it reduces possible ambiguities in AA,,,q¢; between drift velocities and certain
rotations plus translations. For example,

A*Awwdel = _5/L1 (Amax + A) =+ ﬁA
AA’leodel = _5$d + UdnA5¢t ~ o+ 614

when vg, = 1, which is probably generally true for the available tracks. The two
rows and columns associated with du1,dpe in Appendix B are replaced with a
single set for ou with

FO - (A - (5hyb,2 - 5hyb,1)-Amax) (62)
F, = FQCQ (63)

F1, F3, F5 become obsolete.

Option 4 is more complex as ladders on each barrel will have different num-
bers of parameters, depending upon the number of wafers on each ladder. Essen-
tially, the columns and rows for duy, dua are repeated for the hybrid pairs from
each wafer w (dptw1,0pw2). The bottom right corner of the matrix (columns
and rows beyond the first 6) is all zeros except for the diagonal elements:

w = 0.n
h = 1,2
Fyw = FoCodnyb,10water,w
F37U) = Fl C'05hyb,25wafcr,w
F4,w = 'UanQ,w
F5,w = 'Uan&w
M;; =0 for i#£j,i>5j>5
Mii = X (Fa-1Fhirw)  for i=5+2w+h
Vi = >, (-AApsFijnw) for i=54+2w+h

Similarly, the cross terms in the bottom left and top right of the matrix are as
in Appendix B, replacing F»_5 with Fy_5,, as appropriate:

Miﬁj = Mi,5+h|F2,5~>F2,w,5,w for 1< 5,] =5+2w+h
Mi;j = M5+h7j|F275_)F2w,75,w for J<5,i=5+2w+h
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